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Mott-Schottky analysis is adapted to determine the built-in bias (Vbi) and 
doping density (N) of lead sulfide-zinc oxide colloidal quantum dot 
heterojunction solar cells. We show that charge injection barriers at the 
solar cell’s electrodes create a constant capacitance that distorts the 
junction’s depletion capacitance and result in erroneous Vbi and N values 
when determined through Mott-Schottky analysis. The injection barrier 
capacitance is taken into account by incorporating a constant capacitance 
in parallel with the depletion capacitance. 
 
Mott-Schottky analysis is commonly used to determine the built-in bias (Vbi) and doping 
density (N) of a semiconductor at Schottky and p-n junctions1. However, the method is 
not always straightforward. For example, when the analysis is applied to organic solar 
cells the parameters are frequency dependent, making it difficult to extract the true 
values2. Furthermore, sources of capacitance other than the depletion capacitance distort 
the capacitance-voltage (CV) response, resulting in values of Vbi and N that are larger 
than the actual values. In this paper we present a capacitance model to explain the higher 
values and apply it to a PbS/ZnO colloidal quantum dot (CQD) heterojunction solar cell.  
 
Mott-Schottky analysis probes the depletion capacitance at a Schottky or p-n junction 
which is determined by the width of the bias-dependent depletion region. Hence the 
depletion capacitance, C, is also bias dependent and can be expressed as3,4 
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where V is the applied bias, A is the device area, q is the elementary charge, ε is the 
material’s dielectric constant, and ε0 is the permittivity of free space. The built-in bias 
and doping density are then found by fitting equation 1 to the linear portion of the C-2 
versus bias voltage plot5. 
 
However, Mott-Schottky analysis on PbS/ZnO CQD solar cells that have been irradiated 
with UV light to photodope the ZnO (details in the supporting information) was found to 
give parameters larger than expected (Vbi = 0.6 V, N = 2.5 x 1017 cm-3). The Vbi is 
expected to be near 0.2 V6,7, and the PbS doping density, Na, was found to be near 
4 x 1016 cm-3 from Mott-Schottky analysis of PbS CQD/Al Schottky cells we fabricated. 
For cells containing heavily doped ZnO (N~1019 cm-3)8, the depletion region should lie 
almost entirely in the PbS layer.  Hence the heterojunction results should reflect the 
doping density of the PbS layer. The high values for the two parameters in the PbS/ZnO 
CQD cells can be explained by including a constant capacitance due to charge injection 
barriers at the electrodes as a part of the overall capacitance.  
 To account for injection barriers, the overall capacitance can be modeled as two 
capacitors in parallel9 as shown in Figure 1a. Figure 1b displays a reference CV curve 
taken from a gallium arsenide p-i-n solar cell that was chosen because it has a well 
understood depletion capacitance. It also shows CV curves, derived from this reference 
curve with different values of constant capacitance added in parallel to the reference 
capacitance to create a simulated overall capacitance. Values of constant capacitance 
between 1 and 7 nF were chosen for the simulation since these values are on the same 
order as the geometric capacitance of the cell structure. 
 
 
Figure 1. a) PbS/ZnO solar cell with the origin of depletion capacitance, C1, and a constant 
capacitance, C2, due to injection barriers. The equivalent circuit is two capacitors in parallel. b) CV 
curves for the reference data and different values of constant capacitance in parallel. c) C-2 versus 
bias curves for the reference data and different values of constant capacitance in parallel.  d) 
Expanded view of the reference capacitance with 7 nF constant capacitance in parallel. Not only does 
the slope and x-axis crossing change, but the shape of the curve is distorted as well 
For larger values of the injection barrier capacitance, the C-2 curve is seen to deviate more 
from the reference curve (Figure 1c). Mott-Schottky fits then produce larger Vbi (x-axis 
crossing) and NA (inversely proportional to the slope) values than the reference data. The 
linear region of the C-2 slope itself also becomes distorted as is illustrated in Figure 1d for 
the example of a constant 7 nF capacitance added in parallel to the reference capacitance. 
Linear regions still exist, however, that can be fitted with equation 1. The fitting results 
produce built-in bias and doping density values higher than the true value for the p-i-n 
junction. For the simulation here with a constant 7 nF capacitance due to injection 
barriers, the fit gives Vbi = 2.1 V compared to the true value (no constant capacitance) of 
1.1 V. Likewise, the fit gives NA = 7.6 x 1016 cm-3 compared to the true value of 
1.1 x 1016 cm-3. 
 
An example of this model applied to the capacitance of our PbS/ZnO cells is shown in 
Figure 2a-b. The PbS doping level was found to be ~4 x 1016 cm-3 by taking CV 
measurements of a PbS/Al Schottky cell and fitting the C-2 curve with equation 1. Similar 
values have been reported in literature3. Using a value of 2.7 nF for the constant 
capacitance due to the injection barrier gives a good fit of the adjusted depletion 
capacitance with fit parameters, close to those expected, of Vbi = 0.24 V and 
NA = 4 x 1016 cm-3 (Figure 2b). The calculated geometric capacitance based on the cell’s 
dimensions is ~2 nF. 
 
 
Figure 2. a) Measured CV (blue triangles) at room temperature. The depletion capacitance (red 
circles) was calculated based on the parallel capacitors equivalent circuit shown in Figure 1a with a 
constant capacitance of 2.7 nF. b) The corresponding C-2 curves with a Mott-Schottky fit to the 
depletion capacitance. Vbi = 0.24 V, NA = 4 x 1016 cm-3. c) Temperature-dependent Voc. d) 
Temperature-dependent CV adjusted to coincide at 0 V bias. Below ~130 K a sharp rise in 
capacitance is observed before the rapid decrease. 
In the proposed capacitance model, the source of constant capacitance was based on 
charge injection barriers at the electrodes. Evidence for the barriers is seen in the 
temperature-dependent current-voltage (JV) and CV results. The temperature-dependent 
open circuit voltage (Voc) is shown in Figure 2c. A near linear increase is seen with 
temperatures decreasing from 300 K to ~160 K. With further temperature decrease, the 
Voc saturates and begins to drop again. A similar temperature-dependent Voc behavior was 
observed in organic bulk heterojunction solar cells10, which was modeled in terms of 
charge injection barriers at the electrodes10, 11. Likewise, charge injection barriers lead to 
the increased Schottky analysis parameters we propose here. 
 
Figure 2d shows the bias-dependent capacitance measurements for temperatures in the 
range of 90 – 300 K. For clarity, the capacitance values have been adjusted so that the 
capacitance for each temperature is equal at 0 V applied bias; the unadjusted values are 
given in the supporting information. At lower temperatures there is a sudden rise in 
capacitance, and at all temperatures there is a peak in capacitance at the bias at which the 
capacitance begins a rapid decrease becoming inductive.  
 
Excessive capacitance peaks beyond the space-charge capacitance similar to those 
observed here have also been reported in Schottky diodes for many decades and have 
been shown to be due to the injection of minority carriers9,12. Carrier injection has also 
been given as the reason for excessive capacitance peaks in polymer LEDs13, silicon p-n 
solar cells5, and organic bulk heterojunction solar cells4. For a perfectly Ohmic back 
contact, the minority current has an inductive effect in Schottky diodes resulting in a 
reduced or even negative capacitance since the minority current through the bulk is 
controlled by diffusion and flows out of phase with the applied voltage9. However, when 
high injection barriers are present, the capacitance is found to first produce an increased 
capacitance peak before becoming inductive12. 
 
Above ~130 K the sharp rise in capacitance is not seen and the onset of the drop in 
capacitance is located at the same bias as the diode turn-on voltage (Figure 3b). This 
corresponds to the start of electron transfer from the ZnO to the PbS where the effect of 
minority carrier injection into the PbS has an inductive effect on the overall capacitance 
since the electrons are either extracted at the PEDOT:PSS/PbS interface or combine with 
majority holes. The large rise in capacitance is seen at temperatures below ~130 K and 
the start of the decrease in capacitance no longer corresponds to the diode turn-on voltage 
(Figure 3a), demonstrating the effect of charge injection barriers: at
 
the increase in 
capacitance, holes are injected into the PbS which increases the amount of charge and 
hence the capacitance.  Only at greater bias can the additional charges be extracted, and 
the capacitance falls once more.  Since the drop in capacitance occurs at biases beyond 
the diode turn-on voltage (Figure 3a), once this bias is reached, electrons injected into the 
ZnO can pass easily into the PbS layer to be extracted at the PEDOT:PSS or combine 
with holes causing the decrease in capacitance. 
 
 Figure 3. CV and JV comparison at low temperature (a) and high temperature (b).  
In summary, charge injection barriers at a solar cell’s electrodes can create a constant 
capacitance that distorts the junction’s depletion capacitance and result in erroneous Vbi 
and N values when determined through Mott-Schottky analysis. The injection barrier 
capacitance can be taken into account by incorporating a constant capacitance in parallel 
with the depletion capacitance. Using this method, the true parameter values can be 
recovered.  
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